cIAP1 is an important member of the inhibitor of apoptosis family of proteins and is involved in the regulation of the NF-jBsignalling pathway downstream of the TNF receptor. We report here that UV irradiation leads to downregulation of cIAP1 expression because of enhanced cIAP1 mRNA destabilization. An AU-rich element located within the 3 0 untranslated region of cIAP1 mRNA is sufficient to mediate cIAP1 mRNA instability. Furthermore, we have identified hnRNP A1 as a cIAP1 3 0 UTR-binding protein. hnRNP A1 is a primarily nuclear protein, but accumulates in the cytoplasm after exposure of cells to UV irradiation. Indeed, we find that hnRNP A1 enhances the destabilization of cIAP1 mRNA during UV irradiation. Moreover, siRNAmediated knockdown of hnRNP A1 restores cIAP1 levels and prevents UV irradiation-induced activation of the NF-jB signal transduction pathway, suggesting that hnRNP A1 is an essential post-transcriptional modulator of cIAP1 expression, and thus cIAP1 activity. The inhibitor of apoptosis (IAP) family of proteins are key regulators of programmed cell death.
cIAP1 is an important member of the inhibitor of apoptosis family of proteins and is involved in the regulation of the NF-jBsignalling pathway downstream of the TNF receptor. We report here that UV irradiation leads to downregulation of cIAP1 expression because of enhanced cIAP1 mRNA destabilization. An AU-rich element located within the 3 0 untranslated region of cIAP1 mRNA is sufficient to mediate cIAP1 mRNA instability. Furthermore, we have identified hnRNP A1 as a cIAP1 3 0 UTR-binding protein. hnRNP A1 is a primarily nuclear protein, but accumulates in the cytoplasm after exposure of cells to UV irradiation. Indeed, we find that hnRNP A1 enhances the destabilization of cIAP1 mRNA during UV irradiation. Moreover, siRNAmediated knockdown of hnRNP A1 restores cIAP1 levels and prevents UV irradiation-induced activation of the NF-jB signal transduction pathway, suggesting that hnRNP A1 is an essential post-transcriptional modulator of cIAP1 expression, and thus cIAP1 activity. The inhibitor of apoptosis (IAP) family of proteins are key regulators of programmed cell death. 1 The IAP family comprises eight distinct members that participate in diverse cellular processes including cell cycle, signal transduction, ubiquitylation, and caspase inhibition. 2 Although it was initially believed that all IAPs are capable of inhibiting distinct caspases, the recent data suggest that only XIAP is a bona fide caspase inhibitor.
3 cIAP1 and cIAP2 were identified through an interaction with the TNF-receptor complex proteins TRAF1 and TRAF2, which regulate NF-kB signalling through the TNF receptor. 4 The C-terminal RING finger domain of cIAP1 possesses an ubiquitin E3 ligase activity and may sensitize cells to apoptosis by direct ubiquitylation and removal of TRAF2 following activation of the TNF receptor, resulting in the inhibition of NF-kB pathways. 5 Indeed, cIAP1 degradation induced by Smac mimetics leads to activation of both the canonical and non-canonical NF-kB pathways, strengthening the importance of IAPs in the regulation of NF-kB signalling. [6] [7] [8] Although cIAP1 and cIAP2 perform similar functions within the cell, their expression is regulated differently. The expression of cIAP2 is controlled primarily at the level of transcription in an NF-kB-dependent manner. 9 Also, the protein turnover of cIAP2 is regulated by the ubiquitin ligase activity of cIAP1. 10 In contrast, cIAP1 levels are controlled at the level of protein synthesis. The 5 0 untranslated region (UTR) of cIAP1 contains an upstream open reading frame that reduces the basal translation of cIAP1. 11 The 5 0 UTR of cIAP1 also harbours an internal ribosome entry site (IRES) element that mediates translational induction of cIAP1 in response to stress. 12, 13 This complex regulatory network reflects the distinct spatial and temporal requirement for cIAP1 and cIAP2 proteins in response to various physiological conditions.
Here, we describe an additional regulatory mechanism that governs the expression of cIAP1. We find that following UV irradiation the levels of cIAP1 decrease dramatically. This reduction of cIAP1 protein is achieved by destabilization of cIAP1 mRNA. We have identified an AU-rich (ARE) sequence in the 3 0 UTR of cIAP1 that is sufficient and necessary to confer instability on a reporter mRNA. Furthermore, we find that the heterogeneous ribonucleoprotein A1 (hnRNP A1) interacts with the cIAP1 3 0 UTR and regulates cIAP1 mRNA stability. Importantly, UV irradiation mediates accumulation of hnRNP A1 in the cytoplasm and subsequent destabilization of cIAP1 mRNA, which results in reduced cIAP1 protein levels and consequently increased NF-kB signalling.
Results
UV irradiation destabilizes cIAP1 mRNA and reduces cIAP1 protein levels. UV irradiation (UVR) causes cells to mount a response to deal with the potentially harmful effects of UV-induced damage. We have earlier reported that UVR results in an inhibition of global protein synthesis, whereas simultaneously enhancing translation of the proapoptotic protein Apaf-1 through an IRES-dependent mode of translation. 14 In the course of these experiments we observed that the levels of the anti-apoptotic gene cIAP1 were significantly reduced following UVR (Figure 1a) . We wished to determine if this reduction in cIAP1 levels is because of changes in protein or mRNA stability. UV-irradiated cells were pulsechased with 35 S Met/Cys and cIAP1 was immunoprecipitated over the course of 24 h. We observed that UVR did not alter the stability of cIAP1 protein (Figure 1b) . We next examined the steady-state levels of cIAP1 mRNA following UVR. When compared with the levels in non-irradiated HEK293 cells, the steady-state levels of endogenous cIAP1 mRNA decreased significantly in UV-irradiated cells (Figure 1c ). This suggests that the decrease in cIAP1 protein levels following UVR could be because of changes in the stability of cIAP1 mRNA. We examined the stability of endogenous cIAP1 mRNA following UVR by quantitative RT-PCR (Figure 1d ). Indeed, this experiment revealed that the half-life of cIAP1 mRNA (t 1/2 ¼ 5.9 h) is significantly reduced by UVR (t 1/2 ¼ 3.3 h). These results demonstrate that UVR causes a significant decrease in cIAP1 protein levels by destabilizing cIAP1 mRNA.
The 3
0 UTR of cIAP1 contains an AU-rich element that destabilizes cIAP1 mRNA following UVR. The stability of an mRNA is usually determined by sequence elements located within its 3 0 UTR. We therefore investigated whether the 3 0 UTR of cIAP1 can confer instability on a reporter mRNA. In the reporter vector pMC the expression of chloramphenicol acetyl transferase (CAT) reporter mRNA is driven by a CMV promoter and is post-transcriptionally regulated by the sequence elements inserted downstream of the CAT gene. This plasmid also expresses the neomycin phosphotransferase gene (NEO) from an independent promoter (SV40), which serves as an internal control. Insertion of the full-length 3 0 UTR of TNFa, known to confer mRNA instability, downstream of the CAT reporter gene resulted in an approximately 10-fold reduction in CAT mRNA levels ( Figure 2a) . Insertion of the full-length cIAP1 3 0 UTR resulted in an approximately 3-fold reduction in CAT mRNA levels. The levels of cIAP1 3 0 UTR-CAT mRNA decreased even further following UVR, confirming that the 3 0 UTR of cIAP1 harbours the necessary elements to destabilize reporter mRNA. To further delineate the sequences that are required for cIAP1 mRNA instability we constructed a series of deletion mutants of the cIAP1 3 0 UTR (Figure 2b ). We observed that a 120 nucleotide fragment (120-240) is necessary and sufficient to confer instability on CAT mRNA (Figure 2c) .
Inspection of the (120-240) fragment of the cIAP1 3 0 UTR revealed that it contains four ARE ( Figure 2b ). To determine if these sequences are involved in destabilization of cIAP1 ) or not (CTRL) and the expression of cIAP1 protein was determined 24 h later by western blot. (b) UV irradiation does not affect cIAP1 protein stability. Cells were pulsed with 35 S-Met/ Cys for 25 min following UV irradiation and chased in the presence of cold Met/Cys for an additional 24 h. cIAP1 and b-actin were immunoprecipitated using specific antibodies at indicated time points and resolved on SDS-PAGE (left). The levels of remaining cIAP1 are shown relative to b-actin, and the cIAP1/b-actin ratio at the beginning of cold Met chase (0 h) was set as 1 for both control and UVR samples (right). (c) UV irradiation reduces steady-state levels of cIAP1 mRNA. 293 cells were treated with UV irradiation as in (a) and 5 h later the total RNA was extracted. The levels of cIAP1 and GAPDH mRNA were determined by quantitative RT-PCR analysis as described in the Material and methods section; values are expressed as cIAP1 relative to GAPDH ð2 À½CtðcIAP1ÞÀCtðGAPDHÞ Þ, and the ratio for non-irradiated cells was set as 1. Mean ± S.D. of three experiments. (d) UV irradiation destabilizes cIAP1 mRNA. The cells were treated as in (c) and Actinomycin D (ActD, 10 mg/ml) was added immediately following UV exposure. Total RNA was extracted from parallel samples at 0, 4, 8, 12 , and 16 h time points and the levels of cIAP1 and GAPDH mRNA were determined as in (c). Values are expressed as cIAP1 relative to GADPH ð2 À½CtðcIAP1ÞÀCtðGAPDHÞ Þ normalized to the 0 h time point, which was set as 1. The mean±S.D. of three independent experiments is shown hnRNP A1 destabilizes cIAP1 mRNA TT Zhao et al mRNA, the individual ARE segments were mutated and tested for their ability to destabilize CAT mRNA (Figure 2d ). We found that although mutation of the ARE no. 2 had no effect on the stability of the reporter mRNA (when compared with the wild-type sequence), mutations in either ARE no. 3 or ARE no. 4 completely abolished mRNA instability conferred by the cIAP1 3 0 UTR. In contrast, mutation of the ARE no. 1 produced an intermediate phenotype with partial restoration of CAT mRNA stability.
The results presented above confirm that the 3 0 UTR of cIAP1 contains an mRNA instability element, and that AU-rich elements no. 3 and no. 4 within the 3 0 UTR are the major elements contributing to destabilization of the mRNA.
hnRNP A1 binds the cIAP1 3 0 UTR ARE. To identify proteins that interact with the cIAP1 3 0 UTR we used an RNA-affinity chromatography approach 15 followed by western blot with antibodies against candidate RNA-binding proteins, which identified hnRNP A1 as a cIAP1 3 0 UTRinteracting protein (Figure 3a) . In contrast, TIA-1, TIAR, and hnRNP C1/C2 (known RNA-binding proteins) were not detected in the protein eluate from the cIAP1 3 0 UTR RNAaffinity matrix, demonstrating the specificity of the hnRNP A1 interaction with the cIAP1 3 0 UTR in vitro. We next investigated if hnRNP A1 binds directly to cIAP1 3 0 UTR RNA, and performed a UV-crosslinking experiment using a radiolabeled cIAP1 3 0 UTR RNA probe and purified recombinant GST-hnRNP A1 protein. In addition, we used the 0 UTR ARE mutants, described in a previous experiment ( Figure 2d ). We find that cIAP1 3 0 UTR RNA is crosslinked to GST-hnRNP A1 (Figure 3b ), indicating that hnRNP A1 does indeed bind directly to cIAP1 RNA. Importantly, GSThnRNP A1 failed to bind to the ARE mutants no. 1, no. 3 and no. 4, whereas it bound ARE mutant no. 2, implicating these ARE sites as hnRNP A1-binding sites within the cIAP1 3 0 UTR. We further assessed the interaction between hnRNP A1 and the cIAP1 3 0 UTR by measuring the apparent equilibrium dissociation constant (Kd) of the recombinant GST-hnRNP A1 protein with both the wild-type cIAP1 3 0 UTR and ARE-mutant sequences by a nitrocellulose filter-binding assay. We find that the Kd for the interaction between GST-hnRNP A1 and cIAP1 3 0 UTR RNA is 122 nM (Figure 3c ). Importantly, this Kd value is similar to the Kd values reported earlier for the interactions between hnRNP A1 and other target mRNAs, [16] [17] [18] suggesting a bona fide and specific interaction. An almost identical binding curve was observed for the ARE no. 2 mutant RNA (mut2), whereas the Kd for an interaction between GST-hnRNP A1 and ARE no. 1, no. 3, and no. 4 mutant RNAs (mut1, mut3, and mut4) is greater than 600 nM (we could not determine the actual value as we were unable to saturate binding). Interestingly, the binding affinity of GST-hnRNP A1 for the various cIAP1 3 0 UTR ARE mutants correlates with the ability of these mutants to destabilize CAT reporter mRNA (compare Figure 3c and Figure 2d ), suggesting that hnRNP A1 is a major factor in the instability of cIAP1 mRNA.
hnRNP A1 regulates levels of cIAP1 in response to UVR. hnRNP A1 accumulates in the cytoplasm of cells exposed to UVR (Figure 4a and Van der Houven van Oordt W 19 ); therefore, UVR may cause a decrease in cIAP1 mRNA stability (and thus cIAP1 protein levels) because of this increase in cytoplasmic hnRNP A1. To test this hypothesis we used a mutant variant of hnRNP A1 that is defective in its interaction with the Trn1 transporter protein and thus fails to enter the nucleus and accumulates in the cytoplasm (the F1 mutant; 20 ). Indeed, we found that the transient transfection of HEK293 cells with FLAG-tagged hnRNP A1 F1-expressing plasmid resulted in a significant reduction of cIAP1 protein (Figure 4b ). This was in contrast to cells transfected with FLAG-tagged wild type hnRNP A1, which had a negligible effect on the levels of cIAP1 ( Figure 4b ). Thus, accumulation of hnRNP A1 in the cytoplasm, even in the absence of UVR, is sufficient to decrease the levels of cIAP1 protein.
We further hypothesized that any decrease in cIAP1 levels because of UVR should be dependent on hnRNP A1. Cells were co-transfected with a cIAP1 3 0 UTR reporter plasmid and either a non-silencing control siRNA or hnRNP A1-targeting siRNA, exposed to UVR 48 h later, and the levels of CAT reporter mRNA were determined by qRT-PCR 5 h post-irradiation. As observed earlier, exposure of cells to UVR significantly reduced the levels of CAT mRNA. Importantly, reduction of hnRNP A1 levels by siRNA restored CAT mRNA levels almost to the levels of a control mRNA that does not harbour the cIAP1 3 0 UTR (Figure 4c) . Similarly, the decrease in endogenous cIAP1 levels following UVR was also dependent on hnRNP A1, as transient reduction of hnRNP A1 allowed cIAP1 levels to be maintained in response to UVR (Figure 4d ; compare lanes 4 and 5). In contrast, transient reduction of TIAR, an RNA-binding protein that does not bind the cIAP1 3 0 UTR (Figure 3a ) had no effect on cIAP1 protein levels following UVR (Supplementary Figure 2) . To confirm that the stabilization of cIAP1 protein levels in UV-irradiated cells is because of the stabilization of cIAP1 mRNA we examined the steady-state levels of cIAP1 mRNA. We observed that although UVR reduced cIAP1 mRNA levels in control siRNA-transfected cells, transient knockdown of hnRNP A1 in UVR-treated cells allowed cIAP1 mRNA to be maintained at levels seen in non-irradiated cells (Figure 4e ). Together these results indicate that accumulation of hnRNP A1 in the cytoplasm following exposure of cells to UV irradiation causes a decrease in cIAP1 protein levels through the ability of the cytoplasmic hnRNP A1 to interact with the cIAP1 3 0 UTR, resulting in destabilization of cIAP1 mRNA.
hnRNP A1 modulates NF-jB signalling through destabilization of cIAP1 mRNA. It emerged recently that the primary role of cIAP1 is to modulate NF-kB signalling. 6-8. We therefore wished to examine whether the destabilization of cIAP1 mRNA that is brought about by cytoplasmic Figure 4 Cytoplasmic levels of hnRNP A1 regulate cIAP1 mRNA stability and NF-kB signalling following UV irradiation. (a) hnRNP A1 accumulates in the cytoplasm of UV-irradiated cells. 293 cells were exposed to UVR as described in Materials and Methods and the nuclear (NE) and cytoplasmic (CE) protein fractions were harvested at 1-h intervals post-UVR, separated by SDS-PAGE, transferred to PVDF, and subjected to western blot analysis with antibodies against hnRNP A1 and actin. (b) Cytoplasmic hnRNP A1 reduces cIAP1 protein levels. 293 cells were transfected with a plasmid-expressing GFP, FLAG-hnRNP A1, or FLAG-hnRNP A1 F1 mutant. Expression levels of FLAG-hnRNP A1, FLAG-hnRNP A1 F1, cIAP1 and GAPDH were determined by western blot analysis using anti-hnRNP A1, anti-cIAP1, and anti-GAPDH antibodies. The asterisk (*) indicates the FLAG-tagged protein species. Relative cIAP1 levels are expressed as a ratio of cIAP1/GAPDH. The ratio in GFP-transfected cells was set as 1. (c) Reduced levels of hnRNP A1 stabilize cIAP1 3 0 UTR reporter mRNA following UVR. 293 cells were cotransfected with control non-silencing or hnRNP A1 siRNA and the indicated reporter plasmids. After 48 h the cells were UV-irradiated and the levels of CAT and NEO mRNA were determined by quantitative RT-PCR 5 h post-UVR. Values are expressed as CAT relative to NEO ð2
À½CtðCATÞÀCtðNEOÞ Þ and the ratio in non-irradiated cells transfected with control siRNA and the plasmid pMC was set as 100. The mean±S.D. of three independent experiments is shown. The levels of hnRNP A1 in cells transfected with control or hnRNP A1 siRNA were determined by western blot. (d) Reduced levels of hnRNP A1 increase endogenous cIAP1 protein levels following UVR. 293 cells were transfected with control or hnRNP A1 siRNA as in (a) and the cells were irradiated 48 h later. Cell lysates were prepared 24 h post-UVR and the levels of cIAP1 and GAPDH were determined by western blot. Relative cIAP1 levels are expressed as a ratio of cIAP1/GAPDH. The ratio in mock-transfected non-irradiated cells was set as 1. Displayed data are representative of three independent experiments. (e) Reduced levels of hnRNP A1 stabilize cIAP1 mRNA following UVR. 293 cells were treated as in (d) and the total RNA was extracted 5 h post-UVR. The levels of cIAP1 and GAPDH mRNA were determined by quantitative RT-PCR analysis. Values are expressed as cIAP1 relative to GAPDH ð2 À½CtðcIAP1ÞÀCtðGAPDHÞ Þ and the ratio in non-irradiated mocktransfected cells was set as 100. The mean±S.D. of three independent experiments is shown. (f) hnRNP A1 levels affect NF-kB signalling following UVR. 293 cells were cotransfected with control, hnRNP A1, or cIAP1 siRNA and the NF-kB reporter plasmid pNF-kB-Luc as described in Materials and Methods. After 48 h the cells were UV-irradiated and luciferase levels were determined 18 h post-UVR. Values are presented as mean luminescence corrected to the number of live cells per plate. The relative luciferase activity in non-irradiated mock-transfected cells was set as 100. The mean ± S.D. of three independent experiments is shown. The levels of hnRNP A1, cIAP1 and GAPDH were determined by western blot analysis in parallel untreated samples hnRNP A1 destabilizes cIAP1 mRNA TT Zhao et al accumulation of hnRNP A1 following exposure of cells to UVR affects NF-kB signalling. To quantitate changes in total NF-kB activity we co-transfected cells with a commercially available NF-kB-luciferase reporter plasmid and siRNAtargeting cIAP1, hnRNPA1 or non-targeting siRNA as a control. Following transfection cells were allowed to recover for 48 h and then exposed to UVR. Relative luciferase activity was determined 18 h post-UV irradiation, and the levels of cIAP1 and hnRNP A1 were assessed by western blot analysis. We observed that UVR enhanced the basal NF-kB reporter activity (Figure 4f ) as shown earlier. 21 Also as expected, transient knockdown of cIAP1 had a similar effect and enhanced the basal NF-kB reporter activity in the absence of UV irradiation (Figure 4f ). In contrast, transient reduction of hnRNP A1 levels prevented the UVRmediated induction of NF-kB reporter activity. Importantly, the attenuation of NF-kB-activity seen in UVR-treated and hnRNP A1 siRNA-transfected cells is dependent on cIAP1 levels, as concomitant reduction of hnRNP A1 and cIAP1 levels by siRNA resulted in enhanced NF-kB reporter expression. Taken together these results confirm that cIAP1 levels are required for proper NF-kB signalling activity [6] [7] [8] and uncover a role for the cytoplasmic accumulation of hnRNP A1 in this pathway following exposure of cells to UV irradiation.
Discussion
An important finding of this study is that UV irradiation reduces the expression of cIAP1, a member of the inhibitor of apoptosis family of proteins and a critical regulator of NF-kB signalling. We demonstrated that UVR results in a 40% decrease in the half-life of cIAP1 mRNA. Examination of the 3 0 UTR of cIAP1 revealed the presence of four AU-rich elements, two of which are sufficient and necessary to confer instability on a reporter mRNA. Furthermore, we have identified hnRNP A1 as a stress-regulated cIAP1 ARE-binding protein. Importantly, cytoplasmic relocalization of hnRNP A1 triggered by UV irradiation causes a significant reduction in cIAP1 mRNA levels and a concomitant decrease in the level of endogenous cIAP1 protein. On the basis of these findings we conclude that hnRNP A1 is a negative regulator of cIAP1 expression and thus contributes to the regulation of NF-kB signalling following UV stress. In addition, our findings strengthen the hypothesis that post-transcriptional control of gene expression can be exercised through subcellular relocalization of mRNA-binding proteins.
The regulation of mRNA decay is a central mechanism for the control of gene expression and is mediated by distinct RNA regulatory elements. AREs are one such class of elements and are found in the 3 0 UTRs of specific mRNAs. Although initially believed to be restricted to mRNAs of genes encoding cytokines, growth factors and oncogenes, recent data suggest that ARE occurrence is much more prevalent, possibly in as much as 8% of the human transcriptome. 22 AREs typically function as RNA-destabilizing elements that target mRNA for rapid degradation in the cytoplasm. 23 We have identified four AU-rich sequences within the 3 0 UTR of cIAP1. Mutational analysis revealed that only the last two segments, ARE no. 3 and ARE no. 4, are required for the instability conferred by cIAP1 3 0 UTR (Figure 3 ). AREs in general contain multiple copies of A/U nucleotides, 23 and the cIAP1 3
0 UTR thus appears to be a typical example of this class of regulatory sequences.
AREs exert their effect on target mRNAs through interaction with specific mRNA-binding proteins. We identified hnRNP A1 as a cIAP1 3 0 UTR-binding protein (Figure 3 ). This is in contrast to TIAR, TIA-1, or hnRNP C1/C2 (known AREbinding proteins), which were not found to interact with cIAP1 3 0 UTR. Furthermore, the direct interaction of hnRNP A1 with cIAP1 3 0 UTR was demonstrated by in vitro crosslinking and filter-binding assays. Importantly, binding of hnRNP A1 correlates with the instability of cIAP1 3 0 UTR-containing mRNA, providing strong evidence that hnRNP A1 functions as a major destabilizing factor for cIAP1 mRNA. hnRNP A1 is a multifunctional protein that is implicated in diverse steps of RNA metabolism including splicing, 24 mRNA stability 25 and translation. 17 hnRNP A1 has been previously shown to bind several labile mRNAs that contain the AUUUA sequence, including the granulocyte-macrophage colony-stimulating factor (GM-CSF), 25 human angiotensin receptor AT 1 , 26 and cytochromes P450, 2A6 and 2A5. 27, 28 A similar AUUUA sequence is found in ARE no. 1, ARE no. 2, and ARE no. 3 of the cIAP1 3 0 UTR. Surprisingly, using mutational analysis we find that only ARE no. 3 and ARE no. 4 are bound by hnRNP A1, and that the presence of both intact sequences is required for binding (Figure 3 ). Mutations that abolished binding of hnRNP A1 resulted in stabilization of reporter mRNA. ARE no. 1, in which the AUUUA pentanucleotide is embedded within a larger stretch of A/U nucleotides exhibited only partial binding to hnRNP A1, and the reporter mRNA carrying this mutation was partially stabilized. It has been recognized that the binding of proteins to AREs is dependent on both the primary sequence and sequence context, and that the presence of AUUUA in itself does not guarantee a functional ARE. 23 This applies to the nature of the cIAP1 AREs within the 3 0 UTR and their surrounding sequence. In addition, a permissive secondary structure of the 3 0 UTR and proper presentation of the ARE for the ARE-binding protein are thought to contribute to the function of AREs. For example, the RNA-binding protein HuR requires both the presence of the HuR-binding site within the ARE as well as the presentation of this site in a singlestranded conformation within the 3 0 UTR structure for proper binding. 29 Although hnRNP A1 is usually considered an RNA and single-stranded DNA-binding protein, 30 accumulated evidence indicates that hnRNP A1 is capable of binding double-stranded DNA and RNA regions as well. In fact it was shown that hnRNP A1 could bind simultaneously to bipartite sequence elements with its two RRM domains, or as a dimer. [31] [32] [33] Our data fits well with this model suggesting that simultaneous contact of hnRNP A1 with ARE no. 3 and ARE no. 4 is required for proper binding of hnRNP A1 to cIAP1 3 0 UTR. Thus, mutations in either one of these sites would result in the attenuation of binding and consequent stabilization of the mRNA, as we have observed.
hnRNP A1 is predominantly a nuclear protein involved in the regulation of splicing. 34 However, hnRNP A1 has been shown to shuttle from the nucleus to the cytoplasm, where it exhibits a different ligand specificity, thus leading to the postulation that cytoplasmic hnRNP A1 performs roles distinct hnRNP A1 destabilizes cIAP1 mRNA TT Zhao et al from splicing. 34 Indeed, recent experimental data implicate hnRNP A1 in the regulation of mRNA translation, turnover, and viral replication. The subcellular localization of hnRNP A1 is dictated by the phosphorylation status of its C terminus, which affects the Trn1-dependent nuclear import of hnRNP A1. 20 The phosphorylation of hnRNP A1 occurs under conditions of diverse stresses such as osmotic shock, 19 UV irradiation, 19 heat shock, 35 or treatment of cells with sodium butyrate 36 and arsenite. 35 Cytoplasmic hnRNP A1 accumulates in stress granules, the sites of mRNA triage from which target mRNAs are exported to processing bodies for degradation. 35 Congruent with this model we find that cIAP1 mRNA and reporter mRNA harbouring the 3 0 UTR of cIAP1 is rapidly degraded upon irradiation of cells with UV (Figures 1 and 2 ), conditions that result in an accumulation of hnRNP A1 in the cytoplasm. This reduction in cIAP1 levels can be reversed by transient knockdown of hnRNP A1 (Figure 4d ) confirming that the repression of cIAP1 expression following UVR is dependent on hnRNP A1. It is important to note that under normal conditions hnRNP A1 is predominantly present in the nucleus, and thus depletion of hnRNP A1 in untreated cells would be predicted to have only a minimal effect on cIAP1 levels, as we have indeed observed (Figure 4d) .
Ultraviolet radiation is a common environmental stress that causes DNA damage and induces cell death in mammalian cells. 37 Previous work showed that exposure of cells to UVR results in an inhibition of global protein synthesis. 14, 38, 39 This observation leads to the question of why an additional regulatory mechanism, such as degradation of cIAP1 mRNA, would be employed by cells to silence the expression of target genes following UVR. It is interesting to note that several genes involved in the regulation of cell proliferation and survival are translated by an IRES-dependent mode of translation that escapes some of the control steps that govern global, cap-dependent translation. For example, translation of the apoptosis protease-activating factor Apaf-1 is driven by an IRES element activity that is enhanced following UVR. 14 We and others have shown previously that translation of cIAP1 is also driven by an IRES. 12, 40 Importantly, cIAP1 IRES activity is induced by cellular stresses such as endoplasmic reticulum stress, 12 etoposide, 40 and sodium arsenite. 40 As cIAP1 IRES would allow bypass of the global inhibition of protein synthesis induced by UVR and thus continued expression of cIAP1 protein, the degradation of cIAP1 mRNA by an hnRNP A1-dependent mechanism following UVR can be viewed as an additional control step aimed at the reduction of cIAP1 levels and a return to homeostasis. Recent evidence suggests that the primary cellular role of cIAP1 is to regulate NF-kB signalling, as specific degradation of cIAP1 results in activation of both the canonical and noncanonical NF-kB signalling pathways.
6-8 NF-kB plays a critical role in cell proliferation and apoptosis, and activation of NF-kB by UV irradiation is an important protective mechanism for mammalian cells. 21 However, the molecular mechanisms involved in the activation of NF-kB following UV irradiation are poorly understood. Our data provide new insight into the regulation of NF-kB-signalling pathways and suggest a mechanism in which targeted degradation of cIAP1 mRNA, and thus a reduction in cIAP1 protein, is mediated by cytoplasmic accumulation of hnRNP A1 in response to UV irradiation.
Materials and Methods
Cell culture and reagents. Human embryonic kidney (HEK293), or human cervical carcinoma (HeLa) cells were maintained in standard conditions in Dulbecco's modified Eagle's medium (DMEM; Wisent Inc.) supplemented with heat inactivated 10% fetal calf serum (FCS), 2 mM L-glutamine and 1% antibiotics (100 U/ml penicillin-streptomycin). Transient transfections were performed using LipofectAMINE PLUS reagent (Invitrogen; Carlsbad, CA, USA) according to the manufacturer's protocol. Briefly, cells were seeded at a density of 6 Â 10 5 cells per well in 6-well plates and were transfected 24 h later in serum-free OPTI-MEM medium (Invitrogen) with 0.5 mg of DNA per well. The transfection mixture was supplemented 3 h later with 1 ml DMEM containing 10% fetal calf serum, glutamate, and antibiotics. Cells were collected for analysis 24 h after transfection. siRNA transfections were performed using Lipofectamine 2000 reagent (Invitrogen) according to the protocol provided by the manufacturer. Briefly, cells were seeded at a density of 3 Â 10 5 cells per well in 6-well plates and were transfected 24 h later in serum-free DMEM with either a 10 nM final concentration of hnRNP A1 or TIAR siRNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA), a 5 nM final concentration of HIAP2 siRNA (Dharmacon) or a nonsilencing scrambled control siRNA (Qiagen). Cells were collected for analysis 48 h after transfection. In the case of co-transfections, 0.5 mg per well of reporter plasmid DNA was co-transfected at the same time as siRNA.
For UV irradiation (UVR) experiment cells were seeded at a density of 6 Â 10 5 cells per well in 6-well plates. After 24 h, cells were washed with phosphatebuffered saline (PBS) and irradiated at room temperature in 2 ml fresh medium with a 30-watt UVC light source (254 nm) with the cover removed. After irradiation, cells were further incubated in culture medium for the indicated times and harvested. PBS washed cells not exposed to UVR served as controls. The intensity of UVR was measured prior to each experiment with a UVX radiometer (UVP Inc., Upland, CA, USA). The expression plasmid pMC was constructed by inserting a synthetic polylinker (5 0 -AGC TTG CGG CCG CTA GCC TCG AGG GAT CCT CTA GAA TGC A-3 0 ) into a pcDNA3 vector (Invitrogen) followed by insertion of the chloramphenicol acetyl transferase (CAT) coding sequence. The CAT insert was generated by PCR amplification using pCAT as a template. The 3 0 UTRs were generated by PCR amplification from a liver cDNA library (Invitrogen). Expression plasmids pMC-cIAP1-FL and pMC-TNFa were thus constructed by inserting the 3 0 UTR of cIAP1, and TNFa, respectively downstream of CAT in the pMC construct. Deletion derivatives of pMC-cIAP1-FL were generated using a similar method; cIAP1 3 0 UTR segments were PCR amplified and cloned into pMC. The primers for amplification of respective 3 0 UTR fragments are listed in Table 1 . The site-directed mutagenesis of cIAP1 3 0 UTR was carried out using the Quickchange II site-directed mutagenesis kit (Stratagene) following the manufacturer's instructions. All plasmid constructs were confirmed by nucleotide sequencing. FLAG-hnRNP A1 and FLAG-hnRNP A1 F1 expression plasmids were described earlier. Western blot analysis. Cells were washed in 1 ml of ice-cold PBS and lysed in 150 ml RIPA buffer (1% Nonidet P-40, 1% sodium deoxycholate, 0.1%. SDS, 150 mM NaCl, 10 mM sodium phosphate (pH 7.2), 2 mM EDTA, 0.1 mM phenylmethylsulphonyl fluoride) containing 10 mg/ml each of aprotinin, pepstatin A and leupeptin (all from Sigma) for 30 min at 4 1C, followed by centrifugation at 14 000 Â g for 10 min and supernatants were collected. Protein concentration in the supernatants was determined by a protein assay kit (Bradford; Bio-Rad, Richmond, CA, USA), and equal amounts of protein extract were separated by 10% SDS-PAGE. Proteins were subsequently transferred onto PVDF membrane and analyzed by western blotting with the following antibodies: rabbit polyclonal anticIAP1 (abCAM), mouse-monoclonal anti-GAPDH (Advanced ImmunoChemical), mouse-monoclonal anti TIA-1/TIAR (clone 3E6; generous gift from P. Anderson), mouse monoclonal anti-hnRNP C (clone 4F4, generous gift from G. Dreyfuss), and goat polyclonal anti-hnRNP A1 (Santa Cruz Biotechnology). All antibodies were used at the manufacturer's suggested dilutions and conditions followed by secondary antibody (horseradish peroxidase-conjugated sheep anti-mouse, antigoat or anti-rabbit IgG; GE Healthcare, Piscataway, NJ, USA). Antibody complexes were detected using the ECL Plus and ECL western blotting detection systems (GE Healthcare). For the purposes of quantification of protein expression, parallel western blots were performed as described above but the secondary antibody used was Alexa Fluor 680-coupled goat anti-mouse, or anti-rabbit IgG (LI-Cor Inc.). Antibody complexes were then detected and quantified using the Odyssey Infrared Imaging system (LI-Cor Inc.). All quantification data are shown as an average ± S.D. from at least three independent experiments. As some confusion exists in the literature as to the specificity of the cIAP1 Abcam antibody, we have verified that the antibody used in this study specifically detects cIAP1 but not cIAP2 (Supplementary Figure 1) .
Subcellular fractionation. Cells were washed in 1 ml of ice-cold PBS, resuspended in 400 ml of Buffer A (10 mM HEPES-KOH (pH 7.5), 10 mM KCl, 1 mM DTT, 1 mM PMSF) containing protease inhibitors, and incubated on ice for 15 min. Nonidet P-40 was added to a final concentration of 0.3% and cells were incubated for an additional 10 min on ice. Nuclei were pelleted by centrifugation at 1500 Â g for 5 min, the cytoplasmic fraction was collected to a new tube and clarified by centrifugation at 13 000 Â g for 15 min. The nuclei pellet was washed 2 Â with 1 ml of Buffer A, and then resuspended in 50 ml of Buffer B (20 mM HEPES-KOH (pH 7.5), 400 mM NaCl, 1 mM DTT, 1 mM PMSF) containing protease inhibitors and incubated on ice for 30 min, with mixing every 5 min. Nuclear debris was pelleted at 13 000 Â g for 5 min and the nuclear fraction was collected to a new tube.
Pulse-chase immunoprecipitation. HEK293 (6 Â 10
5
) cells were seeded in 6-well plates 24 h prior to UV irradiation. Cells were incubated with DMEM lacking methionine and cysteine and supplemented with 10% FCS for 15 min at 37 1C. Cells were then irradiated with UVC as described above and pulselabelled with 0.1 mCi/ml 35 S-methionine and cysteine mix (EasyTagt EXPRESS Protein Labelling Mix, PerkinElmer) for 25 min at 37 1C. Labelled cells were washed once in PBS and chased with cold methionine/cysteine-containing DMEM. At indicated time points cells were harvested in cold PBS and boiled in 50 ml of denaturing lysis buffer (50 mM Tris, pH 7.4, 5 mM EDTA, 1% SDS, 10 mM DTT, 1 mM PMSF, 2 mg/ml leupeptin, 15 U/ml DNaseI) for 5 min. A cold non-denaturing buffer of 450 ml (50 mM Tris, pH 7.4, 5 mM EDTA, 300 mM NaCl, 1% Triton X-100, 10 mM iodoacetamide, 1 mM PMSF, 2 mg/ml leupeptin) was then added and the lysate was passed through a 25-G syringe needle 10 times. Following centrifugation to remove debris, the lysate was pre-cleared prior to immunoprecipitation with Pansorbin s cells (Calbiochem) for 2 h at 4 1C. Co-immunoprecipitation of cIAP1 and b-actin from the pre-cleared lysates was performed at 4 1C for 16 h using Protein G/Protein A-Agarose beads (Calbiochem) coated with antibodies specific for b-actin and cIAP1 at a dilution of 1 : 500 and 1 : 150, respectively. The beads were then washed extensively with cold wash buffer (50 mM Tris, pH 7.4, 300 mM NaCl, 0.1% Triton X-100), resuspended in Laemmli buffer and boiled to elute bound proteins. Immunoprecipiated proteins or total proteins were then resolved on 10% SDS-PAGE and stained with PageBluet (Fermentas) Coomassie stain. The gel was incubated with Amplify fluorogenic reagent (GE Biosciences) for 30 min prior to drying and exposure to film. mRNA stability analysis . Cells were treated or not with UVR (150 mW/cm 2 ) as described above and Actinomycin D (10 mg/ml) was then added immediately to each well. Total RNA was isolated using the Absolutely RNA miniprep kit (Stratagene) at 0 (immediately after adding the Actinomycin D), 2, 4, 8, 12 and 16 h time points and the levels of cIAP1 and GAPDH mRNA was determined by quantitative RT-PCR as described below.
Quantitative RT-PCR. Total RNA was isolated using the Absolutely RNA miniprep kit (Stratagene) following manufacturer's instructions. For quantitative RT-PCR, reverse transcription was carried out using the First-Strand cDNA Synthesis kit (GE Healthcare) with oligo d(T) 18 primers. The quantitative PCR was performed using the QuantiTect SYBR green PCR kit (Qiagen) and analysed on an ABI Prism 7000 sequence detection system using the ABI Prism 7000 SDS Software. Quantitative PCRs were carried out to detect cIAP1, GAPDH, CAT and NEO genes using primers listed in Table 2 . Average data from at least three experiments ± S.D is presented as ð2 À½CtðcIAP1ÞÀCtðGAPDHÞ Þ and ð2 À½CtðCATÞÀCtðNEOÞ Þ. For the Actinomycin D experiment, ð2
À½CtðcIAP1ÞÀCtðGAPDHÞ Þ normalized to 0 h C t values ð2
ÀDDCT Þ is shown.
RNA-affinity chromatography. Identification of cIAP1 3 0 UTR RNA-binding proteins was performed as described earlier. 17 Briefly, in vitro transcribed cIAP1 3 0 UTR RNA was biotinylated at the 5 0 end with the 5 0 EndTag Nucleic Acid Labeling System according to the manufacturer's instructions (Vector Laboratories). The biotinylated RNA (10 mg) was conjugated to Avidin-agarose beads (Sigma) in the presence of incubation buffer (10 mM Tris-Cl (pH 7.4), 150 mM KCl, 1.5 mM MgCl 2 , 0.5 mM DTT, 0.5 mM phenylmethylsulphonyl fluoride, 0.05% (v/v) Nonidet P-40) at 4 1C for 2 h with continuous rotation. Unbound RNA was removed by washing the beads two times with incubation buffer. A 293 T (500 mg) protein extract (in incubation buffer) was added to the coated beads, along with 30 mg yeast tRNA (Sigma) and 200 units of Prime RNase inhibitor (Eppendorf). Reactions were incubated at room temperature with continuous rotation for 30 min, followed by incubation at 4 1C with continuous rotation for 2.5 h. Beads were washed five times with 500 ml incubation buffer, resuspended in 20 ml of 1 Â SDS-PAGE loading dye, and boiled for 5 min to elute bound proteins. Proteins were separated by 10% SDS-PAGE and detected by western blot analysis.
UV crosslinking of RNA-protein complexes and nitrocellulose filter-binding assay. RNA-protein UV-crosslinking experiments were performed using purified GST-hnRNP A1 and [
32 P]-labeled cIAP1 3 0 UTR RNA as described earlier. 17. Similarly, the filter-binding assays were performed using the purified GST-hnRNP A1 as described. 17 NF-jB reporter assay. A reporter plasmid containing NF-kB enhancer elements upstream of a luciferase reporter gene (pNF-kB-Luc, Stratagene) was used to assess NF-kB activity in HEK293T following exposure to UVR. Cells seeded in 6-well plates were transfected with DNA and/or siRNA as described above. After 24 h the cells were exposed to UVR (150 mW/cm 2 ) followed by incubation at 37 1C for 18 h. To measure luciferase activity, 200 ng/ml of D-luciferin (BD Biosciences) was added to the cell media and incubated for 5 min at room temperature. Luminescence was recorded using the IVIS Imaging system (Xenogen) and quantified with IVIS Liveimage 2.5 software. Values are presented as mean luminescence corrected to the number of cells per plate.
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